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A novel colorimetric sensing platform based on CMC-AgNPs metallogel was proposed to 
monitor the temperature history and quality of perishable products stored at low temperature. 
The CMC metallogel, fabricated in the presence of Ag+, incorporates ionic crosslinking of 
biopolymers, complexation between reactants, and subsequent in-situ synthesis of AgNPs, 
which are designed to lead the color of metallogel from colorless to dark brown depending on 
temperature and time. The metallogels and AgNPs with the material were observed by 
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rheology, XRD, and FT-IR. Color changes associated with temperature, time, and metal ion 
precursors were examined by UV-visible spectroscopy and colorimetry. 
The longer the exposure time to abuse temperatures such as room temperature (25 °C) or 
high temperature (60 °C), the deeper the color of metallogel. The CMC-AgNPs metallogel-
based sensing platform can be used as a colorimetric sensor that provides cost-effective, safe, 
and reliable information that indirectly records the temperature history of the product as well 
as a new strategy to evaluate the quality of perishable products related to time-temperature 
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Perishable products such as food, vaccines, and medicines can be easily damaged over 
time due to pathogen contamination and/or various external factor. Above all, the temperature 
is the most influential factor affecting the quality of these products. As chilled/refrigerated 
distributed products are mostly heat-sensitive, maintaining high-quality requires that a process 
monitor and control the appropriate temperature during distribution and storage [1, 2]. The 
freshness of these products is often directly linked to safety. In order to maintain freshness, it is 
important to maintain proper storage temperature and to manage expiration date. The intake of 
the right food with the right freshness makes the body healthy, but in the opposite case, eating 
food and getting sick. According to data from the Centers for Disease Control and Prevention 
(CDC), 48 million people suffer from foodborne illness each year, with 128,000 
hospitalizations and about 3,000 deaths in the United States. However, the quality of many 
products has been assessed by inaccurate values called "shelf life", which assumes that the 
product is stored at a constant temperature range, without any consideration of external factors 
[3]. Indeed, since products can be exposed to a variety of temperature fluctuations in the 
supply chain from manufacturing to the consumer, they can become deteriorated or decayed 
owing to the influence of external factors such as humidity, circumstance, and temperature, 
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even if the shelf life has not passed [4]. It is proposed as a significant issue for public health. 
Eventually, temperature monitoring systems such as time-temperature indicators or integrators 
(TTIs), which predict the quality based on the time-temperature history undergone by the 
p r o d u c t ,  h a v e  b e e n  e x t e n s i v e l y  r e s e a r c h e d  i n  r e c e n t  y e a r s . 
 
Figure 1. The estimated annual number of domestically acquired, foodborne illnesses, 
hospitalizations, and deaths through food, in the United States [5]. 
 
Eventually, to address this issue, temperature monitoring systems such as time-temperature 
indicators or integrators (TTIs), which predict the quality based on the time-temperature 







1.2. Time-temperature indicator 
 
TTI (Time Temperature Indicator) is a label attached to a package that indicates the time-
temperature history of food during distribution and storage. These indicators have used an 
indirect way of predicting and representing the freshness of products according to the color 
changing with time-temperature history. The practical shelf life of a perishable product such as 
food, vaccine, and blood is determined by various factors such as gas composition, humidity, 
and temperature. Among various storage factors, the temperature is the most influential factor 
for food degradation. Thus, TTI is a technology that provides a simple means to manage the 
food supply pathways and enables the safety and quality of perishable products throughout 
their entire life spans from their manufacturing to consumption by end-users. Since the color 
and other physical properties of TTIs vary as a function of time, it provides the actual grade of 
the freshness of the product in which the TTI is used by showing the color, contrast, or any 
other variable visible characteristic. Various basic requirements of TTIs are to be able to 
effectively express continuous, irreversible changes in temperature change. Also, it should be 
non-toxic, cost-effective and sensitive to temperature changes. Currently, the price of TTI is 






Figure 2. Time-temperature indicator labels [8]. 
 
TTIs have categorized based on electronics, physicochemical, and nanomaterials-based 
mechanism. Electronics-based TTIs are often integrated with data loggers, and radio 
frequency identification (RFID) tags, enabling accurate and easy-to-read [9]. However, they 
are complex and expensive to use for consumers. TTIs based on physicochemical principles 
induced by enzymatic reactions [10], polymerization [11], and diffusions [12] are limited in 
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that they are costly and lacks uniformity making it challenging to track the overall temperature 
history for products [13]. TTIs derived from unique properties of nanomaterials are relatively 
cost-effective and simple, apply in the field immediately, and are promptly available to 
consumers [6]. Several kinds of nanomaterials-TTIs have been reported as alternatives to 
conventional sensors by complementing the limitations of above that. Recently as the 




1.3. Food nanotechnology 
 
Nanotechnology has emerged in various scientific and technological fields, besides TTIs, 
related to the inherent characteristics that characteristics such as optical [14], mechanical [15], 
magnetic [16], and electrical properties [17] distinct from the bulk materials. In spite of many 
advantages, the question of sustainable applications continues to be posed by the toxicity and 
environmental effects of nanoparticles. Current trends in nanomaterials research are integrated 
with hydrogels or green chemistry to overcome limitations associated with risk of human 





Figure 3. Applications of nanotechnology in food [18]. 
 
In particular, metallogel which incorporated metal into the biopolymer gel network not 
only represents properties of nanoparticles and gels but also acts as a constrained template for 
in-situ synthesis of metal nanoparticles including gold and silver [19]. Plasmonic nanoparticles 
embedded in metallogel exhibit the localized surface plasmon resonance (LSPR), which can 
display various bright colors. Furthermore, changes in their size and shape lead to a slight shift 
of the LSPR band and as a consequence, development in the color expression of the 
nanoparticles. These type of gels have contributed to increased sensitivity in optical, chemical 
sensor, biosensor, and colorimetric sensor using these specific characteristics of LSPR [20, 21]. 
Notwithstanding their significant optical properties, there are only a few reports that 
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investigate the potential of metallogels as colorimetric sensors. 
In this study, CMC-AgNPs metallogel was introduced as a colorimetric sensor to monitor 
the temperature. CMC, a derivative of cellulose, is a biocompatible and biodegradable 
biopolymer widely used for medical materials such as tissue generation and drug delivery [22]. 
The anionic group at the polymer chain can significantly coordinate to a metal cation with 
high electron affinity. AgNPs have more sharp surface plasmon resonance peak than other 
metal nanoparticles [23]. In particular, the exclusive optical properties of AgNPs play a vital 
role in several biomedical application and sensor. Notably, our experiment indicates that CMC 
tends to react with silver precursors (AgNO3) to form metallogels. The AgNPs in-situ 
synthesized in a metallogel lead to a distinguishable color signal from yellow to brown by 
SRP change with a particle size corresponding to time and temperature. The result confirmed 
that CMC-AgNPs metallogels are accompanied by visual changes with time and temperature, 
which is an indicator of the time-temperature history experienced by the product. To the best 
our knowledge, this is a novel colorimetric sensor that is inexpensive, user-friendly, portable, 
reliable, and suitable for large scale production to determine the quality of perishable products 









Sodium carboxymethyl cellulose (Na-CMC) was purchased from Junsei Chemical Co., 
Ltd. (Japan). Copper (II) chloride anhydrous (CuCl2) and Iron (III) chloride hexahydrate 
(FeCl3·6H2O) was supplied by Samchun Pure Chemical (Korea). Silver nitrate (AgNO3, 0.1M) 
and gold chloride (III) trihydrate (HAuCl4·3H2O) was purchased from Sigma-Aldrich Co. 
(USA). All chemical reagents used as received without any further purification and all 
procedures used millipore water (> 18 MQ cm) obtained from a Barnstead EASYpure Ⅱ 
system unless otherwise noted. 
 
 
2.2. Preparation of CMC-AgNPs metallogels 
 
For the preparation of CMC-AgNPs metallogels as colorimetric sensors, Na-CMC 
solution (1 mg/ml) was prepared by dissolving its powder in deionized water at room 
temperature (RT). AgNO3 solution (0.1 M) was added into the CMC solution at 0, 20 and 30% 
(v/v) respectively, under stirring at RT to synthesize in-situ silver nanoparticles (AgNPs) 
16 
 
embedded in metallogels. The color transition of the metallogels was observed with naked-eye 





The absorption spectrum of AgNPs embedded in metallogels was measured on a UV-vis 
microplate reader (Bio-Tek Synergy H1, USA). The size and morphology of synthesized 
nanoparticles were imaged using a high-resolution transmission electron microscope (HR-
TEM, JEM-3010-JEOL, 300 kV). To prepare the HR-TEM sample, generally, a few drop of 
CMC-AgNPs solution was located on 400 mesh carbon-coated TEM formvar/copper grid, 
and excess solution was blotted off by using filter paper. The grid was then wholly dried at 
room temperature for more than 6h. The crystalline structure of the synthesized AgNPs was 
confirmed using XRD (Rigaku Smartlab diffractometer) equipped in the diffraction angle 
range 2θ = 10-80° with Cu‐ Kα radiation (λ = 0.154184 nm). Fourier transform infrared 
spectrometer (FTIR) was used to probe functional groups changes in CMC. Transmission 
spectra were recorded on a Bruker VERTEX 70 series FTIR spectrophotometer (Bruker 
optics, Germany). All measurement was performed in the range 400-4000 cm-1 at a 4 cm-1 
resolution.  
The rheological behavior of CMC-AgNPs metallogels was investigated by operating 
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parallel plate rheometer (ARES, Advanced Rheometric Expansion System). Samples were 
loaded with a 50 mm parallel plate geometry at 25 °C. Typical rheometer gap was about 1-2 
mm. Dynamic time sweep experiment was carried out at a frequency of 1 rad/s, 20% strain at 
25 °C to observe the storage and loss modulus values (respectively G′ and G″). 
 
 
2.4. Colorimetric sensing of CMC-AgNPs metallogels 
 
The color measurements of CMC metallogels was measured using a colorimeter (CM-5, 
Konica Minolta, Japan) according to CIE L*, a*, b* values (L*: lightness, a*: redness, and b*: 
yellowness). The total color differences (ΔE) were determined as follows (Liu and Yang 2013): 
ΔE = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 
where ΔL*, Δa*, Δb* is the lightness from black to white, redness from red to green, and 





Chapter 3. Results and discussion 
 
 
3.1. Biopolymer-metal nanoparticle metallogels 
 
As is well known, -COOH and -OH groups located in the polymer backbone are useful 
components for green synthesis of metal nanoparticles by reducing metal ions [22]. Herein, a 
colorimetric sensor was developed to record the temperature history of frozen products 
through CMC metallogel incorporating AgNPs inside the polymer matrix. The CMC-AgNPs 
metallogels formed with the silver atom as gelators serve as an in-situ synthesis template for 
AgNPs and the particles are stabilized by -COOH and -OH groups. A schematic diagram of 
the formation process of the CMC-AgNPs metallogel used in our study is shown in Fig. 4. 
Our approach assumes that the higher the temperature, the faster the AgNPs embedded in 
metallogels grow, followed by changing color from light yellow to dark brown. Heating leads 
to generate larger particles by merging the smaller ones and induce more nucleation. At this 
time, the visible colorimetric change occurs due to the size of particles, so that the temperature 













The biopolymers both CMC and alginate, which are known to be abundant in carboxylic 
groups and hydroxyl groups, were used for the selection of polymers for the fabrication of 
colorimetric metallogels. The color development and sol-gel transition were observed by 
adding 0, 20, 25, and 30 v/v (%) silver nitrate solution into 1 mg/ml CMC and alginate 
solutions, respectively (Fig. 5). The reaction between CMC and silver nitrate was found to 
show gradual color expression from light yellow to dark brown and sol-gel transition over 
time. On the other hand, green-colored alginate sol without color change was induced by a 
simple reaction of alginate and silver nitrate. These results suggest that the polymer network 
structure of CMC reacts with silver nitrate to form an excellent colorimetric matrix with high 
selectivity. 
The combination with silver ion precursors such as AgNO3 resulted in facile and effective 
reduction of silver ions and formed metallogels containing AgNPs that experienced a sol-gel 
phase change. For gelation analysis, strain sweep test was performed with a constant 20.0 
rad/s frequency at RT. Time and metal ion precursors were found to be critical factors in 
metallogel formation (Fig. 6a and b). Metallogels were prepared by adding a different amount 
of silver ion precursor (AgNO3) at the same concentration to 1 mg/ml CMC. Although the gel 
strength is significantly different depending on the AgNO3, in the presence of AgNO3 the G' 
(storage modulus) of all samples is higher than G'' (loss modulus) over the entire time of 
strains, which indicates the formation of metallogels [16]. 
The CMC solution, 0% (v/v) sample without in-situ synthesis of AgNPs, has an elastic 
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modulus of 0.29 ± 0.14 Pa as liquid-like in the measured strain range. In addition, it was 
confirmed that the gel strength increased with the increment of AgNO3 ratio from 2.41 ± 0.27 
Pa for 20% (v/v) to 19.47 ± 0.71 Pa for 30% (v/v) shown in Fig. 6a. The resulting strain sweep 
tests of 30% (v/v) gels at different times were shown Fig. 6b, which exhibit storage modulus 
indicating that the gel fabricates over gelation time at a constant angular frequency. These 
results are also consistent with the physical gelation that occurs between the functional groups 
of CMC and silver ions. These results suggest that silver ion precursors and time play a crucial 
role in the in-situ synthesis of AgNPs and the formation of metallogels. The storage modulus 
for the CMC-AgNPs gel (30 v/v%) was fonud to be greater than the loss modulus, which 
indicates that metallogels are finally formed (Fig. 6c). CMC-AgNPs metallogels are expected 
to be adopted in a commercial device in virtue of their elasticity, flexibility, and moldability.  
To evaluate the selective colorimetric metallogel formation of CMC with each metal ions, 
several metal ion solutions such as copper (CuCl2), iron (FeCl3), gold (HAuCl4) and silver 
(AgNO3) ion precursors were added in an amount of 30% (v/v) into CMC solution (1 mg/ml). 
Samples were then observed for 14 days at RT (Fig. 6d). The reaction of CMC with noble 
metal ions such as Cu and Fe results in a metal substitution reaction, and then metal-
coordinated nanocomposites are generated [23]. However, the metal exchange reaction does 
not occur with noble metal ions like gold, which is not chelated with the functional groups of 
the polymer [23]. The tilting method shows that gel behavior and colorimetric properties are 
not observed in all metals except silver. Under these concentrations, silver is a metal ion that 
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has a specific reaction to the CMC chain. When the silver ions contact CMC, the translucent 
gel, which was promptly organized, changed gradually to dark brown after 14 days. As a 
result, CMC-AgNPs metallogels are selectively prepared for silver ions, which the 






Figure 3. Visual inspection of reaction of biopolymer (carboxymethyl cellulose and alginate) 








Figure 4. The rheological behavior of CMC-AgNPs metallogels. Strains sweeps of (a) gels 
with different concentrations of silver nitrate (b) gels which prepared at 30% (v/v) at different 
gelation times (c) dynamic time sweep performed on metallogels with 30% (v/v) AgNO3 (d) 




Previous studies have proven that the carboxylic functional groups of CMC are highly 
capable of reducing and stabilizing metal nanoparticles [24]. Metal nanoparticles attached to 
the functional groups of the polymer chains are in-situ synthesized in the polymer network to 
function as the advantages of the two components of nanoparticle and hydrogel. That is, a 
biopolymer such as CMC, which has abundant carboxylic groups, act as efficient reductants 
for green synthesis of metal nanoparticles such as silver, gold, and copper nanoparticles [25, 
26]. The presence of AgNPs in fabricated metallogels (30 v/v%) was demonstrated using UV-
vis spectroscopy, FT-IR, and XRD (Fig. 7). The spectral data of CMC-AgNPs shown in Fig. 
7a can help identify the functional groups of CMC involved in the synthesis of AgNPs. The 
intensity decrease of the band at 1586 cm
-1
 and 1411 cm
-1
, corresponding to the vibrations of 
the COO − group asymmetric stretch and the COO – group symmetric stretch, respectively 
[27, 28]. The results indicated that nanoparticles are synthesized in metallogels obtained 
through the interaction between COO- groups and silver ion precursors.  
The XRD patterns illustrated that the crystalline in nature of the CMC-AgNPs (Fig. 7b). 
The XRD peaks of metallogels with in-situ grown AgNPs are 2θ=38°, 44.4°, 65.2°, and 77.6°, 
which are consistent with (111), (200), (220) and (311) in the crystal plane according to the 
brag reflections; and it indexed as the face-centered cubic (fcc) structure of AgNPs [29]. The 
peak at 2θ=20° shown in pure CMC corresponds to the amorphous structure of CMC, and the 
peak shifted at 2θ=16.7° in CMC- AgNPs demonstrate that the polymer network structure 
was rearranged during silver ion binding [30]. AgNPs have a typical peak at about 410-430 
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nm due to unique localized surface plasmon resonance (LSPR) [16]. 
UV-vis absorption spectra of metallogel at 0 h, shown in Fig. 7c did not form peaks near 
410nm consistent with white colored sol state of CMC-AgNPs. Meanwhile, the UV-vis peak 
amplitude at 410 nm was obtained at RT for 7 days (Fig. 7d). The obtained graph has a linear 
correlation, and it can be confirmed that the LSPR characteristic of the nanoparticles is 
prominent. The formation of CMC-AgNPs metallogel involved the conversion to the polymer 
matrix of the CMC solution by in-situ nanoparticle synthesis following the complexation of 







Figure 5. (a) FT-IR spectra (b) XRD patterns (c) UV-vis absorption spectrum as-synthesized 





3.2. The colorimetric transition of silver nanoparticles depending on 
time and temperature 
 
Metallogels undergo colorimetric change deserved by the specific optical properties of in-
situ synthesized AgNPs. TEM and UV-vis data were analyzed to determine the growth 
conditions of the AgNPs after storing the metallogel at each temperature (4 °C, RT (= 25 °C), 
60 °C). The typical HR-TEM micrograph, which presented the morphology, size distributions, 
and aggregation of AgNPs, are shown in Fig. 8a and c. As can be seen in the photograph, the 
particle size of the nanoparticles formed at 60 °C is much larger than AgNPs produced at RT. 
Since the only difference in the manufacturing process is only the temperature, it can be seen 
that temperature is a vital factor for the growth of AgNPs. After 14 days, the size distribution 
of the nanoparticles in-situ synthesized at RT was 19.84 ±14.99 nm and had a uniform 
spherical shape.; Besides, evidence that the nanoparticles are well dispersed in the metallogels 
can be seen as the individual particles are separated (Fig. 8a and b). On the other hand, the size 
of AgNPs prepared at 60 °C was proven to grow compared to RT (Fig. 8c). This result shows 
the coexistence of nanoparticles of 80-120 nm and small nanoparticles, suggesting that high 
temperature quickly leads to the growth of AgNPs within metallogels. At high temperatures, 
silver ions are promoted to silver atom reduction, and some of the smaller AgNPs generated at 
the initial stage adhere to existing particles, leading to the synthesis of large AgNPs [31]. That 
is, as the nanoparticles are synthesized at higher temperatures in the polymer matrix, larger 
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nanoparticles are formed. 
The EDS analysis of AgNPs also confirmed the presence of silver elemental composition 
(Fig. 9a and b) [22]. It was confirmed that the silver element was formed in the metallogel 
through the clear peak at 3 keV, which is signals of surface plasmon resonance of silver. The 







Figure 6. HR-TEM image of silver nanoparticles after 14 days (a) at RT (d) at 60 °C. (b) size 














Metal nanoparticles exhibit specific optical properties by interacting with particular 
wavelengths of light. The absorbance of AgNPs dispersed in the metal gel over time was 
determined to confirm the absorption wavelength of substances within metallogels using a 
UV-vis spectrometer (Fig. 10). The metallogels (30 v/v%) used in the analysis were placed at 
4 °C and RT, respectively. The absorbance of metallogels stored at 4 °C remained unchanged 
with low absorbance values during the experiment (Fig. 10a). When the metallogels were 
maintained at RT, the absorption spectrum has the highest peak of 400-500nm and the time-
dependent increase in absorbance shown in Fig. 10b. The UV-vis spectrum of metallogel at 
4 °C shows the nonexistence of AgNPs because no characteristic peaks are formed. The 
particles prepared at RT exhibited an extremely acute peak at 440 nm from 12 hours to 168 
hours, which is ascribed to the characteristic surface plasmon resonance band of the AgNPs. 
Although the two metallogls were kept under the same conditions except for the temperature, 
the reduction of Ag ions in RT gels was faster. At the same time, the absorbance values at RT 
increase, indicating that silver ions are easily reduced to silver atoms and the color of the 
metallogels changes from light yellow to dark brown. Moreover, the absorption band was 
slightly red-shifted over several days. This is because, as AgNP fused with adjacent particles, 
the localized surface plasmon shifted to the right. A high absorption rate of light over time 
means that the color of the nanoparticles becomes thicker over time, which absorbs more light 
in the same wavelength band [32]. These results suggest that low temperature interferes with 
the growth as well as the nucleation of AgNPs. The elongated heating resulted in a significant 
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Figure 8. UV-vis absorption spectra of CMC-AgNPs metallogel prepared (a) at 4 °C (b) at RT 




The UV-vis spectra of the metallogels prepared at 4 °C, RT, and 60 °C were also 
confirmed. After 2 hours, the LSPR peak of AgNPs red shifted approximately from 420nm to 
430nm by increasing the storage temperature (Fig. 10c). Increase in absorbance of all samples 
after 72 hours observed with a distinct intensity from RT to 60 °C (Fig. 10d). Experiment 
results indicate that the number and size of newly synthesized AgNPs are increased depending 
on temperature and time. Thus, temperature and time are critical parameters affecting the 
synthesis and growth of nanoparticles consistent with the results of the TEM image, causing 
color development due to the visually identifiable LSPR red shift of AgNPs from yellow to 
brown. It provides the ability to predict the thermal history of the product. 
 
 
3.3 Evaluation of color expression of CMC-AgNPs metallogels as a 
colorimetric sensor 
 
The results presented in Fig. 11a are color response charts of CMC-AgNPs metallogel for 
different reaction time and temperature. Metallogels were generated by mixing 1 mg/ml CMC 
solution with 0.1 M AgNO3 (30 v/v%). Experiments were carried out at 4 °C, RT, and 60 °C 
with reaction times of 1-336 hours. Following the previous results, the visual color of 
metallogels was changed from light yellow to brown depending on the time, temperature, and 
concentration of silver ion precursors. As the small amount of silver precursors solution was 
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added into CMC, the intensity of the color becomes stronger due to the interaction of the 
functional group of the polymer with a larger number of silver ions, so that it can be observed 
with the naked eye. Besides, it was confirmed that as the reaction time was extended, a color 
transition occurs due to the formation and growth of AgNPs. At the same concentration and 
time, the higher the temperature from 4 °C to 60 °C, the faster the colorimetric change is 
detected. A colorimeter was utilized to quantify the exact total color difference of metallogels 
with the most noticeable color change. The total color difference at a different storage 
temperature of CMC-AgNPs metallogel (30% v/v) is shown in Fig. 11b, which was 
calculated by measuring L *, a * and b * values. Herein, the total color difference is the gap 
between the sample immediately after fabrication (0h) without AgNPs and the metallogel 
measured at each time (2, 4, 6, 12, 24, 48, 72h). When metallogel is placed at 60 °C, the TCD 
value increases rapidly up until 12 hours and then decreases. The TCD of the sample stored at 
RT slowly grows, but it promptly has risen from 12 hours to the maximum value. On the other 
hand, the TCD of a sample at refrigerated storage temperature (4 °C) gradually increases 
without noticeable change until 24 hours indicating that the growth of nanoparticles is 











Figure 9. (a) The color chart (b) Total color difference of CMC-AgNPs metallogels at 4 °C, 






Figure 10. (a, d) Color evolution (b, e) L, a, b CIELAB parameter (c, f) Total color difference 
of CMC-AgNPs metallogel which first located at 4 °C, -20 °C for 2h, after exposure to RT for 
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In general, perishable products intended for metallogel applications are mostly stored at 
low temperature and should be maintained at low temperatures all the time [33]. For example, 
most vaccines should be kept at 2-8 °C [34]. However, the plot to be exposed to RT or high 
temperature is very natural during distribution, storage and sale. Color transitions should not 
only change intensively as the temperature abuse time persists but should also be irreversible, 
even if they are frozen later again. I exposed the metallogel, which was stored frozen for 2 
hours at 4 °C and -20 °C, to the temperature abuse condition (RT) for each time (0, 4, 8, 12, 24, 
48, 72h) and then returned the sample to freezing (4 °C, -20 °C) for 72 hours. 
When the metallogel stored at 4 °C was exposed to temperature abuse conditions; the 
color became darker when compared to the control (sample with RT exposure of 0 h) as the 
temperature abuse period increased (Fig. 12a). These results correspond to the total color 
difference (TCD) as well as the L *, a *, b * values in CIELab shown in Fig. 12b and c. 
Samples placed at -20 °C also have a dark brown metallogel that experiences temperature 
abuse and TCD values also increase with RT exposure (Fig. 12d and f). As the L* value 
decreases, with increased a* and b* values, the color of metallogel becomes darker from 
yellow to brown (Fig. 12e). The TCD value likewise increases proportionally as the RT 
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exposure duration is extended. What is notable is that the metallogel, which has undergone 
temperature abuse, does not come back again even though it moves to the appropriate storage 
temperature (4 °C, -20 °C). Our current platform satisfies Irreversible color change, which is 
the fundamental requirement of TTI applied to low-temperature distribution products. 
Depending on the size of the sensor, a minimum of 1-1.3 ml of metallogel is produced with 




Chapter 4. Conclusions 
 
 
In summary, a novel colorimetric sensor has been developed that incorporates CMC-
AgNPs metallogel exploiting the LSPR characteristics of AgNPs. The sensing platform is 
based on metallogels fabricated within a few minutes under specific conditions such as the 
amount of metal ion precursors and time, which can be detected quickly, intuitively and 
directly, judged by the growth of in-situ synthesized AgNPs in metallogels. Green synthesis of 
AgNPs with biopolymer introduces a cost-efficient and eco-friendly sensing platform. When 
the metallogel is exposed to abused temperature, the visual color becomes more distinct from 
light yellow to dark brown. The irreversible color change can be observed with the naked eye. 
The system is versatile as an indicator to identify of when products are no longer safe based on 
time-temperature exposure history as well as to assure the quality of frozen stored products 
such as foods, medicines, chemicals during the distribution. Additionally, it is a precise, rapid, 
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비색계 센서로서 은 나노입자의 
in-situ 합성으로 유도된 카르복시메틸 









최근 온도 상승, 안정성이 보증되지 않은 콜드 체인, 그리고 유통 과정 중 보관
상태 불량 등으로 인하여 저온 유통 제품의 안전에 대한 사회적 관심과 우려가 
높아지고 있다. 저온 유통 제품의 저장 및 유통과정에서 내외부적인 다양한 요
인에 의하여 복합적인 품질 변화가 수반되는데, 특히 품질 변화에서 가장 중요
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한 요소는 주로 환경요인인 온도에 직접적인 영향을 받는다. 이에 소비자가 제
품의 신선도를 판별하는 것을 돕기 위한 확산, 효소 및 광 변색성에 기초한 다
양한 온도 모니터링 기술이 연구되고 있지만, 종래 기술은 실험방법이 복잡하고 
값이 비싸 소비자가 식품을 구매하는 과정에서 이용되지 못한다. 본 연구에서는 
시간과 온도에 따라 은 나노입자의 크기 및 색이 변화하는 원리에 의거하여 저
온유통식품의 품질 상태를 알아보는 모니터링 센서 장치를 개발하였다. 
Carboxymethyl cellulose(CMC)와 같은 천연고분자 및 나노입자를 이용하여 저온에
서 보관하는 부패하기 쉬운 제품의 온도 이력 및 품질을 모니터링하기 위해 
CMC-AgNPs 금속겔을 기반으로 하는 새로운 비색계 센싱 플랫폼이 제안되었다.  
Ag+ 이온의 존재 하에서 제조된 CMC 금속겔은 생체 고분자의 이온 가교 결합
과 반응물 사이의 복합체 형성, 그리고 온도와 시간에 의존하여 무색에서 암갈
색으로 금속겔의 색을 이끌도록 고안된 은 나노입자의 in-situ 합성을 통합한다. 
생성된 금속겔과 은 나노입자는 유변학, XRD 및 FT-IR에 의해 관찰되었다. 또한 
온도, 시간 및 금속 이온 전구체의 농도에 따른 색 변화는 자외선 가시 분광법 
(UV-vis)과 비색법으로 조사하였다. 
CMC-AgNPs 금속겔은 AgNO3의 비율이 30% (v/v) 일 때, 탄성 계수가 19.47 ± 
0.71 Pa로 탄성 계수가 0.29 ± 0.14 Pa인 CMC 용액과 비교하여 약 67.1배 증가하
여 겔이 유의미하게 생성되었다. 또한 CMC는 은 이온 전구체에 대하여 선택적
으로 비색계 특성을 지닌 금속 겔을 형성하였다. FT-IR 스펙트럼을 통해 금속 겔 
형성에 관여하는 CMC의 작용기를 입증하였으며, XRD 피크는 은 나노입자의 결
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정 구조와 일치하였다. UV-vis 흡수 스펙트럼을 통해 얻은 410nm 피크는 금속 
겔 내부에 형성된 은 나노입자의 LSPR 특성과 상응하였다. 금속겔에 in-situ로 
합성된 은 나노입자의 구조 및 크기는 온도에 따라 HR-TEM 현미경으로 관찰되
었다. 실내 온도 (25 ℃)에서 합성된 은 나노입자의 크기 분포는 19.84 ± 14.99 
nm이며 균일하게 분산된 구형의 형태를 가지는 반면, 고온 (60 ℃)에서 생성된 
은 나노입자는 나노입자가 공존하여 80-120 nm의 크기를 가졌다. 금속겔 내에서 
합성된 은 나노입자는 시간과 온도에 의존적으로 옅은 노란색에서 황색, 그리고 
짙은 갈색까지의 눈으로 감지할 수 있는 색의 변화를 나타낸다. 실내 온도 
(25 ℃) 또는 고온 (60 ℃)과 같은 적절하지 않은 보관 온도에 대한 노출 시간이 
길어질 수록, 금속 겔의 색상은 더욱 진해졌으며, 이는 L*, a*, b* 값을 통해 얻어
진 total color difference (TCD)값의 증가를 통하여 확인할 수 있었다. 
CMC-AgNPs 금속겔 기반의 센싱 플랫폼은 구조가 단순하고 전원 등의 외부 구
조를 필요로 하지 않아 저비용으로 제작이 가능하며 소형화가 용이하여 휴대용
으로 제작하거나 유통식품에 탈 부착하는 형태로 제작이 가능하다. 특히 은 나
노입자의 생성 비율과 응집상태를 적절히 조절하여, 다양한 저장 및 유통 온도
를 거치는 다양한 제품군에 활용될 수 있다. 또한 복잡한 사용법을 숙지할 필요 
없이 물리적인 동작만으로 쉽게 활성화 할 수 있고 육안으로 관측되는 색상만으
로 식품의 변질 유무 파악이 가능하므로 직관적이라는 장점이 있다. 환원제나 
안정제로서 화학물질이 첨가되지 않아 독성이 없으며, TTI가 파손되어 구성 물질
이 누출되었을 경우에도 인체에 비교적 해롭지 않은 물질만으로 구성되어 있어 
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비교적 환경 친화적이다. 해당 TTI 센서는 비용 절감, 휴대성 및 단순성의 특징
을 가지므로 저온유통식품의 안전한 유통관리 정착, 폐기물 감소 및 식중독의 
사전 예방 등의 사회적 비용을 감소시킬 수 있는 이점을 가질 것이며, 나노기술
과 TTI 기술의 접목은 향후 TTI 산업 성장의 새로운 패러다임을 마련할 수 있
을 것이다. 
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